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Abstract 

The Raf kinase inhibitory protein (RKIP) is down-regulated in multiple types of human cancers. Decreased RKIP transcription 
activity may be one of the major mechanisms responsible for the downregulation of RKIP expression in human diseases. To 
test this hypothesis, we need to gain basic knowledge of the transcriptional regulation of RKIP. To achieve this objective, we 
made a systematic effort to identify c/s-acting elements and frans-acting factors that control RKIP promoter activity. We 
found that full RKIP promoter activity requires the region —56 to +261 relative to the transcription start site. Within the full 
promoter region, there are two motifs rich In G/C that responded to transcription factor Spl, one cAMP-responsive element 
that responded to the transcription factor CREB, and one docking site for the histone acetylase p300. In human melanoma 
A375 cells and human cervical cancer HeLa cells, mutation or deletion of each of these c/s-acting elements decreased 
promoter activity. In A375 cells, knockdown of the corresponding transcription factors Spl, CREB, or p300 decreased RKIP 
promoter activity, whereas overexpression of CREB and p300 Increased RKIP promoter activity. The results obtained with 
HeLa cells also supported the Idea that Spl and CREB play positive roles in the regulation of RKIP transcription. These 
findings suggest that regulators of the expression or activity of Spl, CREB, and p300 are Involved in regulating RKIP 
transcription. 
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Introduction 

Activation of receptor tyrosine kinases by growth factors and 
cytokines promotes cell proliferation, survival, and migration 
through activation of the Ras-Raf-MEK-ERK cascade [1,2]. This 
signaling cascade is hyperactivated in human pathological 
processes, including cancer and Alzheimer's disease [3,4]. The 
hyperactivation of the Ras-Raf-MEK-ERK signaling cascade in 
human diseases can be caused by overexpression or overactivation 
of the positive regulators or by downregulation or inactivation of 
the negative regulators in this cascade. Multiple mechanisms have 
been identified to be responsible for the hyperactivation of the 
positive regulators [5,6]. However, the mechanisms that are 
responsible for the downregulation or inactivation of the negative 
regulators are much less understood. 

Raf kinase inhibitory protein (RKIP, also known as PEBPl) is a 
well-characterized inhibitor of Raf kinase [7] . It is downregulated 
in multiple types of human cancers [8-10], which results in the 
overactivation of MEK and ERK. RKIP downregulation is a 
frequent event in epithelial-to-mesenchymal transition, and it is 



associated with cancer metastasis and poor prognosis [11-13]. 
However, the mechanisms responsible for the downregulation of 
RKIP in human cancers are not well understood. Okita et al 
found evidence that the level of RKIP transcript is decreased in 
the hippocampi of autopsied brains of patients with Alzheimer's 
disease compared with those of non-demented control subjects 
[14]. Thus, decreased RKIP transcription activity may be one of 
the major mechanisms responsible for the downregulation of 
RKIP expression in human diseases. To test this hypothesis, we 
need to gain basic knowledge of the transcriptional regulation of 
RKIP. To achieve this objective, we designed the current study to 
identify the cw-acting elements and the frfln.t-acting factors that 
regulate RKIP promoter activity. 

Luciferase-based reporter activity assay and electrophoretic 
mobility shift assay (EMSA) are well-established approaches to 
identifying rii-acting elements and franj-acting factors that regulate 
gene transcription [15]. Using these approaches, we defined an 
RKIP promoter region and identified three kinds of CM-acting 
elements and corresponding transcription factors that regulate 
RKIP promoter activity. Our results demonstrated, for the first 
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time, that Spl, CREB, and p300 are among the critical 
transcription factors that positively regulate RKIP transcription. 

Results 

Identification of the Promoter Region that Drives RKIP 
Transcription 

In a typical gene, the region —40 to +50 relative to a 
transcription start site constitutes the core promoter region in 
which the Po/ II-containing transcription machinery can be 
assembled [16]. Areas upstream and downstream of the core 
promoter region often contain sequences that regulate the rate of 
transcription that is driven by the assembled transcription 
machinery. Thus, to identify a full promoter region that supports 
RKIP transcription, we initially amplified the region —813 to 
+26 1 of the human RKIP gene and cloned it into a promoterless 
luciferase reporter plasmid (Fig. lA). As determined by luciferase 
assays of human melanoma A3 7 5 cells transfected with this 
plasmid or the parental pGL3-Basic plasmid, only the plasmid 
with the inserted RKIP sequence produced significant luciferase 
activity (Fig. IB), indicating that the inserted sequence contains 
potent promoter activity. 

To further define the promoter region, we performed 5'- and 
3 '-deletions of the inserted RKIP sequence and determined the 
effect on its promoter activity by luciferase assay in A3 7 5 cells and 
in HeLa cells. From the 5' end, deletion of the region —813 to 

— 194 increased luciferase activity by ~2-fold in both cell lines, 
whereas the next deletion (region —193 to —57) produced minor 
and inconsistent effects in these cell lines (Fig. IC). However, an 
additional deletion of the region —56 to —7 caused a > 3-fold 
reduction in the luciferase activity in both cell lines. Further 
deletions to the —6 or the +7 site caused further reductions in the 
luciferase activit)' in both cell lines (Fig. IC). From the 3' end, a 
single deletion of the region +22 to +261 caused a > 3-fold 
reduction in luciferase activity in both cell lines (Fig. ID). 
Collectively, these results indicate that the region of the inserted 
RKIP sequence from -56 to +261 is sufficient for full RKIP 
promoter activity and that the region —813 to —194 negatively 
regulates the promoter activity. 

To identify putative cis-acting elements within region —56 to 
+261 of the inserted RKIP sequence, we searched the sequence for 
potential transcription factor binding sites. Although no TATA 
box sequence was identified, two putative Spl binding sites (—17 
to —6 and —5 to +5), one putative CREB binding site (—28 to 

— 17) and one p300 binding site (+108 to +121) were identified 
within this region (Fig. IE). Thus, we speculated that these cis- 
acting elements and the corresponding transcription factors 
regulate RKIP transcription. 

Role of Spl Binding in Regulating RKIP Transcription 

For a TATA-less promoter, binding of Sp 1 to a site or sites close 
to the transcription start site often plays a key role in the assembly 
of a functional transcription machinery [17-19]. To define the role 
of the two putative Spl binding sites in RKIP promoter activity, 
we synthesized two pairs of oligonucleotides corresponding to the 
two Spl binding site sequences and determined their recognition 
by factors in nuclear c-xtrai ts of A375 or Fh-La cells by EMSA. 
Incubation of the '^P-labeled oligonucleotide derived from either 
the -17 to -6 site (Spl 1) or the -5 to +5 site (Spl 11) with 
nuclear extracts of A3 7 5 or HeLa cells resulted in multiple 
electrophoretic mobility shifts (Fig. 2). In each case, adding a great 
excess (20-, 40-, or 80-fold) of the cold wild-type (WT) 
oligonucleotide inhibited the shifts in a dose-dependent 
manner, whereas adding the same concentrations of the mutant 



oligonucleotide did not have notable inhibitory effects. These 
results indicate that both of the putative Spl binding sites 
contribute to RKIP promoter activity. 

To test this hypothesis, we mutated these two Spl binding sites 
in the reporter construct containing the region —56 to +261 and 
determined the effect on promoter activity in transfected A375 or 
HeLa cells. Mutation of the Spl I or Spl II region reduced RKIP 
promoter activity in A375 cells (by ~80% and ~25%, respec- 
tively) and in HeLa cells (by ~55°/(} and ~25"/(), respectively) 
(Fig. 3A). These results demonstrate that both Spl binding sites 
are important for RKIP promoter activity. 

The critical roles of these two Spl binding sites in RKIP 
promoter activity indicate that Spl plays a positive role in RKIP 
transcription. To test this prediction, we transfected A375 or HeLa 
cells with Spl -specific siRNA or negative control siRNA and 
determined the effect of Spl knockdown on both the promoter 
activity of the reporter construct and the level of endogenous 
RKIP transcript. In both cell lines, as determined by immuno- 
blotting, transfection with Spl -specific siRNA reduced the 
expression of Spl to ~50% of its original level (Fig. 3B). This 
level of Spl knockdown resulted in an ~50% reduction in the 
promoter activity (Fig. 3C) and a similar reduction in the RKIP 
transcript level (Fig. 3D). Taken together, these results support our 
hypothesis that Spl plays a positive role in regulating RKIP 
transcription. 

Role of CREB Binding in Regulating RKIP Transcription 

Binding of CREB to a nearby region of the transcription start 
site often enhances the assembly of a functional transcription 
complex through direct interaction with both TFIIB and TFIID 
[20]. To define the role of the putative CREB binding site in 
regulating RKIP promoter activity, we synthesized a pair of 
oligonucleotides according to the putative CREB bindingsite 
sequence and determined its interaction with factors in nuclear 
extracts from A3 75 or HeLa cells by EMSA. For both cell lines, 
incubation of the ^^P-labeled oligonucleotide with nuclear 
extracts resulted in one obvious gel mobility shift band. The 
shift band was greatly reduced by adding a large excess (20- to 
80-fold) of the cold WT oligonucleotide but not by adding the 
same concentration of the mutant oligonucleotide (Fig. 4A— B). 
We then mutated or deleted the putative CREB binding site in 
the reporter construct containing the region —56 to +261 and 
determined the effect on promoter activity by the luciferase assay. 
In both A375 and HeLa cells, both the mutated and the deleted 
CREB binding sites resulted in an ~60'Xi reduction in luciferase 
activity (Fig. 4C). These results demonstrate that the putative 
CREB binding site plays a positive role in RKIP promoter 
activity. 

To determine whether the CREB binding site contributes to 
RKIP promoter activity by recruiting CREB, we transfected A375 
and HeLa cells with CREB-specific shRNA and determined the 
effect of CREB knockdown on both the promoter activity of the 
reporter construct and the level of the endogenous RKIP 
transcript. In both cell lines, transfection of CREB-specific shRNA 
reduced the expression of CREB to ~40% of its original level 
(Fig. 4D, left panel), which resulted in an ~50% reduction in 
promoter activity (Fig. 4D, right panel) and an ~40% reduction in 
the level of RKIP transcript (Fig. 4E). We also examined the effects 
of overexpression of CREB on the RKIP promoter activity of two 
different reporter constructs (region —56 to +261 and region —28 
to +261). In contrast to the effect of CREB knockdown, CREB 
overexpression increased the luciferase activity of both constructs 
(Fig. 4F). For both cell lines, the effect appeared to be greater on 
the — 28/+261 construct than on the —56 to +261 construct. 



PLOS ONE I www.plosone.org 



2 



December 2013 | Volume 8 | Issue 12 | e83097 



Transcriptional Regulation of RKIP Expression 



B 



RKIP Gene 



-813 
l_ 



ATG 
+1 +146 



Exon 1 Exon2 Exon3 



Luciferase Reporter Constructs 

-813 +1 
I b- 



-193 
L. 



+ 1 



+261 



+261 




+261 



+261 



+261 



+261 



Luciferase 



Luciferase 



Luciferase" 



Luciferase 



Luciferase" 



Luciferase 



Luciferase 



Exon4 



-813/+261 
-193/+261 
-56/+261 
-28/+261 
-6/+261 
+7/+261 
pGL3 



A375 



HeLa 



I20r 
•f lOOh 
8o|- 



40 
20 



2.5 

^ 2.0 
■> 

■■6 1.5 

<e 

So 1.0 



0 




ll. 



n 



OA 



>s 1 2r A375 
1 1^0 



<=o 0.8 

$o 0.6 
!" t „ , 
^ 0.4 

o 



HeLa 



1.0- . p 
-0.8' ■ 
0.6' I 
'0.4' I 

° g I a ■ 1 1 n ■ 



Sequence Information 

-38 

AGGGAGCGGT GGGCGTGACGTGGGGCGGTGCGC GGGGCTGGGC GGCGGCTGAGGCGCGTG 
CREB (-28/-17) Sp1l(-17/-6) Sp1 II (-5/+5) 

CTCTCGCGTGGTCGCTGGGTCTGCGTCTTCCCGAGCCAGTGTGCTGAGCTCTCCGCGTCG 

+82 

CCTCTGTCGCCCGCGCCTGGCCTACC GCGGCACTCCCGGC TGCACGCTCTGCTTGGCCTC 
^.142 p300(+108;+121) 

GCCATGCCGGTGGACCTCAGCAAGTGGTCCGGGCCCTTGAGCCTGCAAGAAGTGGACGAG 



TF Binding Sites 

GREB:TGACGTCA 

Sp1: CCCCjCCCCC 
pSOO: XXXGGGAGTGXXXX 



CAGCCGCAGCACCCGCTGCATGTCACCTACGCCGGGGCGGCGGTGGACGAGCTGGGCAAA 



Figure 1 . Identification of tlie promoter region of RKIP. (A) Schematic illustrations of the 5' end portion of the RKIP gene structure and the 
starting reporter constructs used in this study. (B) Relative luciferase activity of A375 cells transfected w\th the pGL3-Basic RKIP (-813/+261) plasmid 
or the parental plasmid. Results of transient luciferase assays are shown in fold change relative to the pGL3-Basic vector. (C) Relative luciferase activity 
of A375 or HeLa cells transfected w\th different 5' deletions of the pGL3-Basic RKIP (—813/4-261) plasmid. Results of transient luciferase assays are 
shown in fold relative to pGL3-Basic RKIP (— 813/+261). Significant differences between groups are as indicated. (D) Relative luciferase activity of A375 
or HeLa cells transfected with the parental or a 3' end-deleted pGL3-Basic RKIP (—813/4-261) plasmid. (E) Four potential transcription factor binding 
sites present in region -56 to +261 region of the RKIP gene. *P<0.05, **P<0.01. 
doi:10.1371/journal.pone.0083097.g001 



These results support the notion that, through its interaction with 
the CREB binding site, CREB is a major transcription factor tliat 
promotes RKIP transcription. 



Roles of p300 Binding in Regulating RKIP Promoter 
Activity 

The well-cliaracterized acetyltransferase p300 increases the rate 
of transcription by loosening nucleosomal structures [21]. To 
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Figure 2. Oligonucleotides of Sp1 binding sites recognized by factors in A375 and HeLa cells. Shifted P-probe bands sensitive to 
competition by the WT cold probe are indicated. In A375 (A) and HeLa (B) nuclear extracts, EMSA of the ^'^P-labeled oligonucleotide derived from the 
-17/— 6 putative Spl binding site in the presence or absence of cold WT or mutation oligonucleotide. In A375 (C) and HeLa (D) nuclear extracts, 
EMSA of the ^'^P-labeled oligonucleotide derived from the — 5/+5 putative Spl binding site in the presence or absence of cold WT or mutation 
oligonucleotide. IVIU, mutated; NE, nuclear extract. 
doi:1 0.1 371 /journal.pone.0083097.g002 



determine the role of the putative p300 binding site (+108 to +121) 
in RKIP promoter activity, we first synthesized a pair of 
oligonucleotides according to this putative site sequence and 



determined its interaction with nuclear factors from A3 7 5 or HeLa 
cells by EMSA. For both cell lines, incubation of the '^^P-labeled 
oligonucleotide with nuclear extracts generated three large band 
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Figure 3. Role of Sp1 binding in regulating RKIP promoter activity in A375 and HeLa cells. (A) Relative luciferase activity of cells 
transfected with each of the indicated reporter constructs. (B) Cells were transfected with the indicated siRNAs and cultured for an additional 48 hr, 
then the expression levels of Spl and GAPDH were determined by immunoblotting. (C) Cells were co-transfected with the indicated siRNAs and the 
reporter construct pGL3-Basic RKIP (— 56/+261) plasmid and then cultured for additional 48 hr. Relative luciferase activity was assessed by luciferase 
assay. (D) Cells were co-transfected with the indicated siRNAs and then the mRNA level of RKIP was examined by RT-PCR. *P<0.05, **P<0.01. 
doi:1 0.1 371 /journal.pone.0083097.g003 



shifts, and the second band was almost eliminated by a 20-fold 
increase of the WT cold oligonucleotide but was not notably 
affected by the mutant ohgonucleotide (Fig. 5A-B). However, the 
frrst band behaved differently in the two cell lines: in A375 cells 
this band was specifically and moderately reduced with cold WT 
oligonucleotide in a dose-dependent manner, whereas in HeLa 
cells the band was not sensitive to competition by the cold WT 
oligonucleotide. Regardless of the difference observed in the two 
cell lines, these results indicate that the p300 binding site interacts 
with nuclear factors. 

Because p300 promotes transcription through changing chro- 
matin structures, transfected plasmid DNA acquires regular 
nucleoprotein structures in the nucleus, and the transcription of 
plasmid DNA is carried out by the same cellular mechanisms that 
carry out the transcription of endogenous genes [22], plasmid 
DNA transfection and luciferase assay are suitable for determining 
the functional impact of the interaction between the p300 binding 
site and nuclear factors. Therefore, we mutated the p300 binding 
site in the reporter construct and determined the effect on 
promoter activity in A375 and HeLa cells by luciferase assay. In 
both cell lines, mutation of the p300 binding site resulted in a 
>80% reduction in luciferase activity (Fig. 5C), demonstrating 
that the p300 binding site plays a positive role in promoter activity 
in both cell lines. 

To determine the involvement of p300 in RKIP transcription, 
we examined the effect of p300 knockdown or overexpression on 
RKIP promoter activity in A375 cells. Transfection of A375 cells 
with p300-specific siRNA caused an ~50% reduction in the 
mRNA level of p300 (Fig. 5D, left panel), which resulted in an 
~40% reduction in the promoter activity of the reporter construct 



(Fig. 5D, right panel) and an ~50% reduction in the RKIP 
transcript (Fig. 5E). In contrast, transfection of A375 cells with a 
p300 expression plasmid caused a 2-fold increase in promoter 
activity, but the stimulatory effect was eliminated by mutation of 
the p300 binding site in the reporter construct (Fig. 5F). Together, 
these results demonstrate that through its interaction with the 
p300 binding site, p300 is one of the major transcription factors 
that promote RKIP transcription. 

Synergistic Effects of CREB and p300 on RKIP Promoter 
Activity in A375 Cells 

Previous studies demonstrated that p300 interacts and syner- 
gizes with CREB to promote transcription [23,24]. To determine 
whether this is the case in RKIP promoter activity regulation by 
p300 and CREB, we ectopically expressed p300 and CREB alone 
or together in A3 7 5 cells and determined the effect on RKIP 
promoter activity. Expression of CREB increased RKIP promoter 
activity by 1.9-fold and expression of p300 increased it by 2.2-fold; 
simultaneous expression of both proteins increased it by > 1 0-fold 
(Fig. 5G). These results indicate that p300 synergize with CREB to 
enhance RKIP promoter activity in A375 cells. 

Discussion 

In this study, we demonstrated that the region —56 to +261 in 
the RKIP gene exhibits full promoter activity. Within this region 
there are two Sp 1 binding sites (region — 1 7 to — 6 and region — 5 
to +5), one functional CREB binding site upstream of the Spl 
binding sites (region —28 to —17), and one p300 binding site 
downstream of the Spl binding sites (region +108 to +121). All 
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Figure 4. Role of CREB binding in regulating RKIP promoter activity in A375 and HeLa cells. In A375 (A) and HeLa (B) nuclear extracts, 
EMSA of the ^'^P-labeled oligonucleotide derived from the —28/- 17 putative CREB binding site in the presence or absence of cold WT or mutation 
oligonucleotide. NE, nuclear extract. Shifted ^^P-probe bands sensitive to competition by the WT cold probe are indicated. (C) Relative luciferase 
activity of cells transfected with each of the indicated reporter constructs. (D) Cells were co-transfected with a negative control or a CREB-specific 
shRNA and the reporter construct pGL3-Basic RKIP (-56/+261), then cultured for an additional 24 hr. Left panel: immunoblots of cell lysates. Right 
panel: relative luciferase activity. (E) Cells were transfected with the indicated siRNAs and then the mRNA level of RKIP was examined by RT-PCR. (F) 
Cells were co-transfected with the vector (pcDNA 3.1) or the CREB expression plasmid and the reporter construct, then cultured for an additional 
24 hr. Left panel: immunoblots of cell lysates. Right panel: relative luciferase activity. *P<0.05, **P<0.01. 
doi:1 0.1 371/journal.pone.0083097.g004 



three kinds of cw-acting elements and the corresponding 
transcription factors were found to play positive roles in RKIP 
promoter activity. These results expand upon the previous finding 
by Okita et al that the region —97 to -1-1 in the RKIP gene is 
important for RKIP transcription and provide a solid basis for 



further investigation of the regulation of RKIP expression in 
physiological and pathological processes [14]. In addition to these 
defined positive regulators, we found that the region —813 to 
— 1 93 in the RKIP gene negatively regulated RKIP promoter 
activity, indicating that this region contains cir-acting elements that 
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Figure 5. Roles of p300 binding in regulating RKIP promoter activityin A375 and HeLa cells. In A375 (A) and HeLa (B) nuclear extracts, 
EMSA of the ^^P-labeled oligonucleotide derived from the +108/+121 putative p300 binding site in the presence or absence of cold WT or mutation 
oligonucleotide. NE, nuclear extract. Shifted ^^P-probe bands sensitive to competition by the WT cold probe are indicated. (C) Relative luciferase 
activity of A375 and HeLa cells transfected w\th the indicated reporter constructs. (D) A375 cells were co-transfected with negative control or p300- 
specific siRNA and the reporter construct pGL3-Basic RKIP (-56/+261), then cultured for an additional 48 hr. Left panel: RT-PCR. Right panel: relative 
luciferase activity. (E) A375 cells were transfected with the indicated siRNAs and the mRNA level of RKIP was examined by RT-PCR. (F) Relative 
luciferase activity of A375 cells co-transfected as indicated and cultured for an additional 48 hr. (G) A375 cells were co-transfected with the reporter 
construct pGL3-Basic RKIP (—56/4-261) and the indicated plasmids and then cultured for an additional 48 hr. Relative luciferase activity was assayed. 
*P<0.05, **P<0.01. 

doi:1 0.1 371/journal.pone.0083097.g005 
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interact with transcription suppressors. Sequence analysis of this 
region by bioinformatics revealed the presence of putative binding 
sites for the transcription factors AML-la, Thingl/E47, CdxA, 
GATA1/GATA2, ELK-1, IK-2, and L)/f-l. Whether any of these 
sites is involved in recruiting negative regulators of RKIP 
transcription is a subject for additional studies. 

A minimal promoter activity requires the assembly of general 
transcription machinery by binding of an initiating protein near 
the transcription initiation site [25]. Assembly can be achieved 
through TATA box-mediated and non-TATA box-mediated 
mechanisms [26]. Binding of the TATA box binding protein to 
the TATA box and of co-factors such as TFIIA and TFIIB to 
nearby sites leads to sequential assembly of the general transcrip- 
tion machinery (e.g., TFIIE, TFIID, TFIIF, TFIIH, Pol II) and, as 
a result, transcription begins [27,28]. In promoters lacking a 
classical TATA box or an analogous site (e.g., initiator), binding of 
Sp 1 to sites with high G/ C content directs the formation of the 
transcription initiation complex through slightly modified mech- 
anisms [29] . We found that although the minimal promoter region 
of RKIP does not contain a TATA box or an analogous site, it 
contains two adjacent functional Spl sites which both have 
functions. Thus, it seems that the assembly of the general 
transcription machinery for RKIP transcription is achieved 
through a Sp 1 -dependent mechanism. A compensatory effect of 
Spl may take place within the two Spl sites, which could account 
for our observation that a single site mutation caused only a 
moderate decrease in RKIP transcription. 

The efficiency of the assembly of tlic' gx'neral transcription 
machinery is greatiy enhanced by recruitment of co-activators that 
both bind to regions close to the minimal promoter region and 
interact with components in the general transcription machinery 
[25]. A previous study demonstrated that one such co-activator, 
CREB, functions through direcdy interacting with both TFIIB and 
TFIID [20]. Our results showed that the region -28 to -17 is a 
functional CREB binding site. Elimination or mutation of this site 
or knockdown of CREB expression greatiy reduced but did not 
eliminate RKIP promoter activity. We speculate that interaction 
of CREB with the RKIP promoter enhances the Spl -dependent 
assembly of the general transcription machinery that conducts 
RKIP transcription. 

The rate of the transcription conducted by the assembled 
transcription machinery is known to be greatiy affected by 
chromatin structures [30]. Highly packed chromatin structures 
are not conducive to the passage of the general transcription 
machinery, so factors that loosen nucleosomal structures enhance 
the rate of transcription [31]. Because histone acetylation de- 
condenses nucleosomal structures, recruitment of an acetyltrans- 
ferase to a nearby promoter region often enhances the rate of 
transcription. Previous studies have demonstrated that p300 is one 
of the well-characterized acetyltransferases that promote tran- 
scription through acetylating histone tails [21,32]. In this study, we 
present e\'idence that both the p300 binding site and p300 
expression play a positive role in RKIP promoter activity and that 
p300 overexpression synergizes with CREB overexpression to 
enhance RKIP promoter activity in A375 cells. These findings led 
us to hypothesize that p300-mediated histone acetylation promotes 
RKIP transcription through de-condensing the chromatin struc- 
ture of the RKIP gene. 

Identification of these three kinds of transcription factors that 
positively regulate the RKIP promoter activity suggests that the 
expression or function of these transcription factors regulates 
RKIP expression. Thus far, the transcriptional activity and 
stability of Spl can be regulated by posttranslational modifi- 
cations, including phosphorylation, acetylation, sumoylation. 



ubiquitylation and glycosylation [33]. Phospho-regulation of Spl 
involves multiple protein kinases, including CDK, PKC-(^, ERK, 
casein kinase II, and DNA-dependent protein kinase [33]. CREB 
can be activated through phosphorylation by a number of kinases, 
including Akt, p90Rsk, protein kinase A, and calcium- or 
calmodulin-dependent kinases [34], and p300 is regulated by 
PKC, AMPK, and Akt [35-37]. It is conceivable tiiat tiie 
dysregulation of some of these signaling pathways is responsible 
for the downregulation of RKIP in pathological processes such as 
cancer and Alzheimer's disease. 

Materials and Methods 

Cell Culture 

The A375 (CRL-1619) and HeLa (CCL-2) ceU lines were 
purchased from American T)'pe Culture Collection and cultured 
at 37°C in 5% CO2 in Dulbecco's modified Eagle's medium 
(GIBCO) supplemented with 10% fetal bovine serum (HyClone). 

Genomic PCR and Gene Manipulation 

Genomic PCR was performed by using Phusion high-fidelity 
DNA polymerase (New England Biolabs) and human genomic 
DNA (Promega) as the template. The RKIP gene transcription 
regulatory region was cloned into the pGL3 Basic vector 
(Promega), and various deletion constructs were prepared by 
PCR with added Kpn I and Bgl II sites for directed cloning. Site- 
directed mutations were introduced using mutant primers (Table 
SI). All PCR-amplified fragments and mutation constructs were 
verified by DNA sequencing. AU restriction enzymes were 
purchased from Takara. 

siRNAs used for silencing endogenous expression of Spl and 
p300 were synthesized by GenePharma according to the sequence 
information previously reported [38,39]. The CREB-specific 
shRNA plasmid and a negative control plasmid were purchased 
from Upstate. 

Generation of CREB plasmid was engineered using a PCR 
technique. We amplified a 1059-bp fragment of the human 
genomic cDNA and reverse-transcripted it to mRNA by using M- 
MLV reverse transcriptase (Promega) according to the manufac- 
turer's protocol. The following primers were used for amplifica- 
tion: 5'-CGGAATTCGGTAACTAAATGACCA-3' (sense, con- 
taining the iifoR I restriction site) and 5'- 
CGGGATCCATCCCAAATTAATCT G-3' (anti-sense, contain- 
ing the BatriR I restriction site). The PCR products were inserted 
into the pcDNA3.1 (-) vector (Invitrogen) and the construct was 
confirmed by DNA sequencing. 

Transient Transfection and Luciferase Assay 

Cells were plated at a density of 1.6x10^ cells/weU in 24-weIl 
plates. On the following day, transfection was performed with 
0.6 |J.g of the indicated promoter-luciferase constructs or the 
empty vector pGL3-Basic together with 0.2 |a.g of pCMV-jJ- 
galactosidase plasmid. Transfection was performed using Lipo- 
fectamine2000 transfection reagent (Invitrogen) according to the 
manufacturer's instructions. For RNAi experiments, specific 
siRNA or control RNA was co-transfected into A375 or HeLa 
cells with the reporter plasmids rcspccti\'ely, and th(" cells were 
further cultured for 48 hr. Cells were then lysed with Promega's 
cell culture lysis reagent (25 mM Tris-phosphate, 2 mM DTT, 
2 mM l,2-diaminocyclohexane-jVyV,jV,jV-tetraacetic acid, 10% 
glycerol, 1% Triton X-100, 1.25 mg/ml lysozyme, 2.5 mg/ml 
BSA), and luciferase activit)' level was measured using Promega's 
luciferase assay system (Cat.#E1500) and normalized to fS- 
galactosidase activity [40]. 
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Immunoblotting 

Protein extraction from A375 or HeLa cells, SDS-PAGE, and 
immunoblotting were performed as previously described [41]. The 
primar)' antibodies against Spl and CREB were obtained from 
ABGENT (API 1451b and API 1707c), the primary antibody 
against p300 was purchased from Assay Biotech (C0289), and the 
primary antibody against actin and the horseradish peroxidase- 
conjugated goat anti-rabbit or goat anti-mouse antibodies were 
obtained from Santa Cruz Biotechnology (sc-69879, sc-2004, and 
sc-2005). Immunoblots were developed with enhanced chemUu- 
minescent reagents from Amersham. 

EMSA 

Nuclear extracts were prepared by using a Fermentas cytoplas- 
mic and nuclear protein extraction kit. Complementary strands of 
oligonucleotides were synthesized by Invitrogen (Table S2). EMSA 
was carried out using the Promega gel shift assay system. Briefly, 
the binding probes and their complementary pairs were incubated 
at 70°C for 10 min in annealing buffer (100 mM NaCl, 1 mM 
EDTA, and 10 mM Tris-HCl pH 7.5) and allowed to cool down 
slowly to room temperature. Double-stranded oligonucleotides 
were then end-labeled with [y-^^P] ATP. Nuclear extracts were 
incubated with '^^P-labeled oligonucleotide probes with or without 
unlabeled oligonucleotide competitors (20- to 80-fold molar excess 
of labeled probes). The samples were then separated with 4% non- 
denaturing polyacrylamide gel electrophoresis at 300 V in 
0.5xTBE buffer for 2 hr. The gel was dried and exposed to X- 
ray film (Kodak) overnight at — 80°C. 

RT-PCR 

Total RNA was extracted from A3 75 or HeLa cells using 
TRIZOL reagent (Invitrogen) according to the manufacturer's 
protocols. For reverse transcription (RT), 2 Hg of RNA was 
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value <0.05 was considered statistically significant. 

Supporting Information 

Table SI PCR primers for mutation. 

(DOC) 

Table S2 Oligonucleotides for EMSA. 
(DOC) 

Author Contributions 

Coiicci\'cd and designed the experiments: WZ GJ BZ. Performed the 
experiments: GJ BZJQ,OW SL. Analyzed the data: WZJK BZ OWJQ, 
GJ HL. Wrote the paper: WZJK BZ SS OW. 



14. Okita K, Matsukawa N, Maki M, Nakazawa H, Katada E, et al. (2009) Analysis 
of DNA variations in promoter region of HCNP gene with Alzheimer's disease. 
Biochem Biophys Res Commun 379: 272—276. 

15. Naylor LH (1999) Reporter gene technology: the future looks bright. Biochem 
Pharmacol 58: 749-757. 

16. Kaufinann J, Smale ST (1994) Direct recognition of initiator elements by a 
component of the transcription factor IID complex. Genes Dev 8: 821-829. 

17. Blake M, Jambou R, Swick A, Kahn J, Azizkhan J (1990) Transcriptional 
initiation is controlled by upstream GC-box interactions in a TATAA-less 
promoter. Mol Cell Biol 10: 6632-6641. 

18. LuJ, Lee W,Jiang C, Keller EB (1994) Start site selection by Spl in the I'Al'A- 
less human Ha-ras promoter. J Biol Chem 269: 5391—5402. 

19. Eaber P, Van Rooij H, Sehipper H, Brinkmann A, I'rapman J (1993) Two 
different, overlapping pathwavs of transcription initiation are active on the 
TA TA-less human androgen receptor promoter: The role of Sp 1 . J Biol Chem 
268: 9296-9301. 

20. Xing L, Gopal VK, Quinn PC (1995) cAMP response element-binding protein 
(CREB) interacts with transcription factors IIB and IID. J Biol Chem 270: 
17488-17493. 

21. Szerlong HJ, Prenni JE, Nyborg JK, Hansen JC (2010) Activator-dependent 
p300 acetylation of chromatin in vitro. J Biol Chem 285: 31954-31964. 

22. Mladcnova V, Mladcnov E, Russev G (2009) Organization of plasmid DNA into 
nucleosome-like structures after transfection in eukaryotic cells. Biotechnol 
Bioeng 23: 1044-1047. 

23. Kwok RPS, Lundblad JR, ChriviaJC, Richards JP, Bachinger HP, et al. (1994) 
Nuclear protein GBP is a coaetivator for the transcription factor CREB. Nature 
370: 223-226. 

24. Lundblad JR, Kwok RPS, Laurance ME, Harter ML, Goodman RH (1995) 
Adenoviral ElA-associated protein p300 as a functional homologue of the 
transcriptional co-activator CBP. Nature 374: 85-88. 

25. Roedcr RG (1996) The role of general initiation factors in transcription by RNA 
polymerase II. Trends Biochem Sei 21: 327-334. 

26. Hahn S (1998) The role of TAEs in RNA polymerase II transcription. Cell 95: 
579-582. 

27. Nikolov D, Burley S (1997) RNA polymerase II transcription initiation: a 
structural view. Proc Natl Acad Sci U S A 94: 15-22. 



PLOS ONE I www.plosone.org 



9 



December 2013 j Volume 8 | Issue 12 j e83097 



Transcriptional Regulation of RKIP Expression 



28. Wu SY, Chiang CM (2001) TATA -binding protcin-associarcd factors enhance 
the recruitment of RNA polymerase II by transcriptional activators. J Biol Chem 
276: 34235-34243. 

29. Emami KH, Smale ST, Burke TW (1998) Spl activation of a TATA-less 
promoter requires a species-specific interaction involving transcription factor 
IID. Nucleic Acids Res 26: 839-846. 

30. Varga-Wcisz PD, Becker PB (199.'^) Transcription factor-mediated chromatin 
remodelling: mechanisms and models. FEBS Lett 369; 118 121. 

31. Orphanides Reinberg D (2000) RNA polymerase II elongation through 
chromatin. Nature 407: 471-476. 

32. Kundu TK, Palhan VB, Wang Z, An W, Cole PA, et al. (2000) Activator- 
dependent transcription from chromatin in vitro involving targeted histone 
acetylation by p300. Mol Cell 6: 551-561. 

33. Tan NY, Khachigian LM (2009) Spl phosphorylation and its regulation of gene 
transcription. Mol Cell Biol 29: 2483-2488. 

34. Sakamoto KM, Frank DA (2009) CREB in the pathophysiology of cancer; 
implications lor targeting transcription factors for cancer therapy. Clin Cancer 
Res 15; 2583-2587. 

35. Yuan LW, Gambee JE (2000) Phosphorylation of p300 at serine 89 by protein 
kinase C.J Biol Chem 275; 40946-40951. 



36. Yang W, Hong YH, Shen XQ, Frankowski C, Camp HS, et al. (2001) 
Regulation of transcription by AMP-activated protein kinase. J Biol Chem 276; 
38341-38344. 

37. Guo S, Cichy SB, He X, Yang Q, Ragland M, et al. (2001) Insulin suppresses 
transactivation by CAAT/ enhancer-binding proteins P (C/EBP|3). J Biol Chem 
276: 8516-8523. 

38. Pore N, Liu S, Shu HK, Li B, Haas-Kogan D, et al. (2004) Spl is involved in 
Akt-mediated induction of VEGF expression through an HIF- 1— independent 
mechanism. Mol Biol Coll. 15; 4841-4853. 

39. Ma H, Nguyen C, Lec KS, Kahn M (2005) Differential roles for the coactivators 
CBP and p300 on TCF/p-catenin-mcdiated survivin gene expression. 
Oncogene 24; 3619-3631. 

40. Kaiscr IJ, Moriiy T, Chang GTG, Horsthemkc B, Liidecke HJ (2003) The 
RING linger protein RNF'4, a co-rcgtilator of transcription, interacts with the 
TRPSl transcripuon factor. J Biol Chem 278: 38780-38785. 

41. Xinzhou H, Ning Y, Ou W, Xiaodan L, Fumin Y, et al. (2010) RKIP inhibits 
the migration and invasion of human prostate cancer PC-3M cells through 
regulation of extracellular matrix. Mol Biol (Mosk) 45: 1004— lOI I. 



PLOS ONE I www.plosone.org 



10 



December 2013 | Volume 8 | Issue 12 | e83097 



